Quinolones are synthetic antibiotics, and the main cause of resistance to these antimicrobials is mutation of the genes encoding their targets. However, in contrast to the case for other organisms, such mutations have not been found in quinolone-resistant Stenotrophomonas maltophilia isolates, in which overproduction of the SmeDEF efflux pump is a major cause of quinolone resistance. SmeDEF is chromosomally encoded and highly conserved in all studied S. maltophilia strains; it is an ancient element that evolved over millions of years in this species. It thus seems unlikely that its main function would be resistance to quinolones, a family of synthetic antibiotics not present in natural environments until the last few decades. Expression of SmeDEF is tightly controlled by the transcriptional repressor SmeT. Our work shows that plant-produced flavonoids can bind to SmeT, releasing it from smeDEF and smeT operators. Antibiotics extruded by SmeDEF do not impede the binding of SmeT to DNA. The fact that plant-produced flavonoids specifically induce smeDEF expression indicates that they are bona fide effectors regulating expression of this resistance determinant. Expression of efflux pumps is usually downregulated unless their activity is needed. Since smeDEF expression is triggered by plant-produced flavonoids, we reasoned that this efflux pump may have a role in the colonization of plants by S. maltophilia. Our results showed that, indeed, deletion of smeE impairs S. maltophilia colonization of plant roots. Altogether, our results indicate that quinolone resistance is a recent function of SmeDEF and that colonization of plant roots is likely one original function of this efflux pump.
T
he acquisition of antibiotic resistance by bacterial pathogens is a relevant problem for current medical practice and is also one of the few evolutionary processes amenable to study on a human time scale. Development of resistance can be achieved either by mutation or by acquiring a resistance gene from another microorganism. Since most antibiotics have been isolated from environmental microorganisms (1), it was early suggested that resistance genes originated in natural microbial populations to counteract the inhibitory action of antibiotics present in natural ecosystems (2, 3) .
Nevertheless, purely synthetic antimicrobials, such as quinolones, are also in use, and bacteria have developed resistance to these antibacterials. Since there are no quinolone producers in nature, it was supposed that resistance to this family of drugs would be due just to mutations in the genes coding for their targets, the bacterial topoisomerases (4) . In the absence of quinolone selective pressure, environmental microorganisms would not require quinolone resistance, and consequently, quinolone resistance genes should not have evolved in nature. Further work showed, however, that this is not true; there are quinolone resistance genes conferring low-level resistance to these drugs via chromosomally encoded multidrug (MDR) efflux pumps (5, 6) or horizontally transferred resistance determinants, such as Qnr (7) . However, it is true that despite these findings, mutations in genes encoding bacterial topoisomerases are still the main cause of highlevel quinolone resistance in all studied microorganisms. The exception to this rule is Stenotrophomonas maltophilia, a free-living and often plant-associated opportunistic pathogen that is considered a prototype of intrinsically resistant bacteria (8, 9) , which carries in its genome several operons encoding multidrug efflux pumps (10, 11) . Different works have shown that, in contrast to what happens for other bacterial species, clinical quinolone-resistant S. maltophilia isolates do not display mutations in genes encoding bacterial topoisomerases (12, 13) . One characteristic that may explain this situation is that, in contrast to the case in other organisms, in which overproduction of efflux pumps usually renders low-level resistance to quinolones, in most cases below clinical breakpoints, the overproduction of the multidrug efflux pump SmeDEF confers high-level quinolone resistance to S. maltophilia (14, 15) . Furthermore, it has been shown that Sme-DEF overexpression is frequent among clinical isolates of S. maltophilia and that the level of expression of this efflux pump correlates well with the level of resistance to quinolones (16) . Together with the analysis of mutants defective in this efflux pump (17) , these results indicate that SmeDEF is an important element in the intrinsic quinolone resistance of S. maltophilia (18) and, upon its overexpression, is a major contributor to acquired resistance to that family of antibiotics by this bacterial species (16, 19) .
As stated above, quinolones are synthetic antibiotics which were not present in environmental S. maltophilia habitats until the last few decades. On the other hand, the SmeDEF genes are intrinsic genes present in the genomes of all known S. maltophilia strains, where they have evolved during several million years, rather than being a recent acquisition via horizontal gene transfer. It is difficult to believe that the genes for this element evolved in the genome of S. maltophilia to counteract the activity of a family of antibiotics that did not exist in nature until very recently. Fur-thermore, although S. maltophilia is a relevant nosocomial pathogen (8) , its natural habitats are water and soil, where it can colonize all parts of plants, including the whole endosphere (20) . Since efflux pumps of plant-interacting bacteria can be involved in plant colonization/invasion (21-23), we wondered whether SmeDEF may also play this role. Indeed, by using biochemical and functional assays, we found that this efflux pump, which is a major determinant of quinolone resistance in S. maltophilia, is involved in the endophytic colonization of plant roots.
MATERIALS AND METHODS
Bacterial strains and growing conditions. The bacterial strains used were the wild-type S. maltophilia isolate D457 (15) and its isogenic derivatives MBS411 (D457 ⌬smeE) and D457R (D457 overexpressing SmeDEF) (14, 24) . All strains were grown in LB medium at 37°C, unless indicated otherwise.
In silico prediction of the interactions of SmeT with plant exudates. Docking predictions of the interactions of plant flavonoid exudates (naringenin, phloretin, genistein, apigenin, and quercetin) with SmeT were performed using AutoDock4 software (25) , considering the flexibility of the different ligands but not the protein. The docking area was restricted to the protein's binding pocket, and results were analyzed using AutodockTools 1.5.4. Protein-ligand complexes were visualized using PyMol (26) .
DNA labeling and EMSA in the presence of plant flavonoid exudates or antibiotics. The probe for the electrophoretic mobility shift assay (EMSA) was a 158-bp double-stranded DNA fragment containing the SmeT operator site, and 5=-end labeled with [␥-32 P]dATP, which was obtained as previously described (27) . This probe was incubated with purified SmeT (0.2 M) in binding buffer [10 mM Tris-HCl, 50 mM KCl, 10 mM MgCl 2 , 1 mM EDTA, pH 7.2, 50 g/ml bovine serum albumin, 1 mM dithiothreitol, 5% (vol/vol) glycerol, and 100 g/ml poly(dI:dC), as a nonspecific competitor DNA] for 20 min at room temperature. Later, increasing concentrations (0, 0.06, 0.12, 0.25, 0.5, 1, and 2 mM) of commercially available pure flavonoids (naringenin, phloretin, coumestrol, genistein, apigenin, and quercetin) or a 3 mM concentration of antibiotics (chloramphenicol, erythromycin, and ciprofloxacin) was added and incubation continued for 15 min more. Retarded complexes were separated in a 6% nondenaturing polyacrylamide gel (37.5:1 acrylamide:bisacrylamide). Electrophoresis was performed at room temperature with 89 mM Tris-borate and 2 mM EDTA buffer for 90 min at 100 V, and the gel was dried before autoradiography.
RNA preparation and real-time RT-PCR. Fifteen microliters of an S. maltophilia D457 overnight culture was used to inoculate 15 ml of LB medium containing subinhibitory concentrations of plant exudates (15 g/ml of phloretin and 10 g/ml of naringenin, quercetin, apigenin, and genistein) until an optical density at 600 nm (OD 600 ) of Ϸ1.0 was reached; cells were then spun down at 6,000 ϫ g for 10 min at 4°C and immediately frozen on dry ice and stored at Ϫ80°C. Total RNA extraction, DNA elimination, RNA integrity verification, DNA absence confirmation, cDNA generation, and real-time PCR were performed as described previously (28) . Total RNA was extracted from cell pellets by use of an RNeasy minikit (Qiagen) according to the manufacturer's instructions. To further eliminate any remaining DNA, Turbo DNA-free (Ambion) was used. RNA integrity was verified on a 1% agarose gel, and the absence of DNA was verified by real-time PCR using primers GyrA-RT.fw and GyrA-RT.rv (Table 1) . cDNA was obtained from 1 g RNA by use of a High Capacity cDNA reverse transcription (RT) kit (AB Applied Biosystems). RT-PCR was performed according to the method of Morales et al. (29) . Briefly, the first denaturation step, 95°C for 10 min, was followed by 40 temperature cycles (95°C for 15 s, 60°C for 1 min) for amplification and quantification. The GyrA-RT.fw and GyrA-RT.rv primers were used to amplify the housekeeping gene gyrA as described previously (30) ( Table 1) . Differences in the relative amounts of mRNA for the different genes were determined according to the 2 Ϫ⌬⌬CT method (31). Real-time RT-PCRs were performed using a Power SYBR green kit (Applied Biosystems) as indicated by the manufacturer. In all cases, the mean values for relative mRNA expression obtained in three independent triplicate experiments were considered. Student's t test was used for statistical analysis of the results.
In vivo plant colonization experiments. The oilseed rape plant (cv. Californium; Kwizda, Austria) was used for in vivo assays. Before inoculation of seeds with bacteria, the surfaces of the seeds were sterilized using a modification of the seed infiltration approach described by Müller and Berg (32) . In brief, seeds were treated with a 3% sodium hypochlorite (NaClO) solution for 5 min and subsequently washed three times with sterile distilled water. The numbers of CFU ml Ϫ1 of S. maltophilia strains used in the colonization experiments were determined by diluting and plating 100-l aliquots of overnight cultures of each bacterial strain on LB plates. Colonies were counted after incubation of the plates at 37°C for 24 h. Surface-sterilized seeds were placed in a petri dish with 10 ml of 0.85% NaCl solution containing 10 6 CFU/ml of each bacterial culture on an orbital shaker at 85 rpm and room temperature for 4 h.
The capability of S. maltophilia strains D457, MBS411, and D57R to colonize plant rhizospheres was checked by use of seed germination pouches (Mega International, MN). Autoclaved pouches were loaded with 5 inoculated seeds each and moisturized with 20 ml of sterile distilled water. Pouches were placed in sterile, covered polypropylene containers to avoid contamination and dehydration and then incubated in a greenhouse at 23 Ϯ 2°C under artificial lighting (16-h light period) for 7 days. Bacteria were reisolated from 7-day-old oilseed rape plants. To achieve this purpose, root sections were sampled into sterile Whirl-Pak bags (Carl Roth, Germany), supplemented with 5 ml of 0.85% NaCl solution, and roughly disintegrated using a mortar and pestle. Serial dilutions of the extract were then plated onto LB plates. After incubation for 24 h at 37°C, colonies were counted and the number of CFU/g root was assessed.
FISH. Root sections of oilseed rape plants were fixed with 4% paraformaldehyde-phosphate-buffered saline (PBS) (3:1 [vol/vol]). The fixed samples were then stored in PBS-96% ethanol (1:1) at Ϫ20°C. In-tube fluorescent in situ hybridization (FISH) was performed as described earlier (33), using commercially available FISH probes purchased from genXpress (Wiener Neudorf, Austria). An equimolar ratio of FISH probes EUC I, EUC II, and EUC III, labeled with the fluorescent dye Cy3, was used to detect the analyzed S. maltophilia strains. The hybridization step was carried out using 35% formamide in a 46°C water bath for 90 min. After hybridization, the samples were washed at 48°C for 15 min. Microscopic images of the samples were captured using a Leica TCS SPE confocal microscope (Leica Microsystems, Wetzlar, Germany). A Leica ACS 
RESULTS AND DISCUSSION
Multidrug efflux pumps are relevant elements in the development of antibiotic resistance by bacterial populations (34, 35) . However, besides antibiotics, these resistance elements can extrude a wide variety of substrates. Moreover, different efflux pumps from the same bacterium usually present overlapping substrate ranges (22, 36, 37) . Given this lack of specificity, inferring function by activity is a difficult task for this family of antibiotic resistance determinants (38) . The expression of efflux pumps is usually tightly downregulated by specific transcriptional regulators encoded by genes located just upstream of the operons containing the structural genes for the efflux pumps (38, 39) . The silencing of the expression of efflux pumps that is observed under regular laboratory growing conditions is likely because their overexpression challenges bacterial physiology (28, (40) (41) (42) . Consequently, these elements are expressed at high levels only when bacteria face the proper conditions, in the presence of functional effectors capable of binding their transcriptional regulators (43) . We reasoned that identifying these effectors might give insight into the original functional roles of multidrug efflux pumps, such as SmeDEF. This determinant contributes to intrinsic and acquired resistance to quinolones in S. maltophilia. Expression of SmeDEF is regulated by the local repressor SmeT (27) . Mutations in this transcriptional factor cause overexpression of SmeDEF and resistance to different antibiotics, including quinolones (19, 24) . However, acquisition of resistance through this mechanism compromises S. maltophilia's ecological behavior, since SmeDEF overexpression causes a severe fitness cost to S. maltophilia as measured in pairwise competition tests (40) .
Analysis of the SmeT structure shows that it presents an effector binding pocket capable of accommodating different effectors, e.g., triclosan (43) . Binding of these effectors causes the release of SmeT from its operator and consequently triggers smeDEF expression (27, 43) . Given that S. maltophilia is a root endophyte, we wondered whether plant exudates could be SmeT effectors. As the first approach to address this question, we studied the ability of SmeT to accommodate plant-produced flavonoids in its binding pocket by using a modeling approach (Fig. 1) . As shown in Fig. 1 , plant-produced compounds may indeed dock into SmeT's binding pocket, which makes them potential effectors of the SmeDEF repressor. To validate these predictions, we analyzed the effects that antibiotics, which are substrates of SmeDEF, and the studied plant-produced compounds may have on the capability of SmeT to bind its operator. As shown in Fig. 2 , none of the tested antibiotics inhibited the binding of SmeT to its DNA operator, whereas the addition of plant-synthesized compounds produced the release of SmeT from its operator, even at concentrations lower than those tested for the antibiotics. These results confirmed those of the docking predictions and indicate that plant flavonoid exudates are good effectors of SmeT, whereas antibiotics are not. 
FIG 2 Effects of antibiotics and plant flavonoid exudates on the ability of
SmeT to bind its operator DNA. A ␥-32 P-labeled 158-bp double-stranded DNA fragment containing the SmeT operator site (lanes 1) was incubated with SmeT (0.2 M) for 20 min at room temperature (lanes 2). Subsequently, increasing concentrations of plant exudates, to a maximum of 2 mM (A), or antibiotics at a fixed concentration of 3 mM (B) were added, and the mixtures were incubated at room temperature for 15 more minutes. Retarded complexes were separated in a 6% nondenaturing polyacrylamide gel. As shown in panel A, all the tested flavonoids could break the SmeT-DNA complex, whereas antibiotics, which are substrates of SmeDEF, could not break this complex (B). Api, apigenin; Cou, coumestrol; Gen, genistein; Nar, naringenin; Phl, phloretin; Que, quercetin; ABX, antibiotics; Chl, chloramphenicol; Ery, erythromycin; Cip, ciprofloxacin.
To ascertain whether the capability of binding to SmeT correlates with smeDEF induction, expression of smeD was measured in the presence and absence of plant exudates. As shown in Fig. 3 , plant exudates triggered smeD expression (in all cases, P Ͻ 0.05), which supports the hypothesis that these compounds are bona fide effectors of SmeT.
To analyze if the observed induction was specific for SmeDEF, the effect of phloretin, the flavonoid triggering the highest induction levels, on the expression of the previously described S. maltophilia tripartite efflux pumps (10) was analyzed by measuring the expression of the first gene of each of the operons, namely, smeA, smeD, smeV, smeY, smeG, smeM, smeO, and smeI. As shown in Fig.  4 , phloretin preferentially induced smeD (P ϭ 0.027), and a minor effect was also observed for smeO (P ϭ 0.048), and maybe for smeG (not statistically significant; P ϭ 0.16), while the expression of the other efflux pumps did not change in the presence of the flavonoid. The D457R mutant lacks a functional SmeT repressor, and this causes smeDEF overexpression. Since phloretin did not further increase the expression of any of the tested efflux pumps in this mutant (Fig. 4) , most likely the induction observed in the wild-type strain is attributable to SmeT, a feature in agreement with the EMSA results displayed in Fig. 2 . Although smeG and smeO are not regulated by SmeT, the regulators of both operons in which these genes are present belong to the TetR family of transcriptional repressors. The induction by phloretin of the expression of smeO (and maybe smeG) suggests that this flavonoid may bind other TetR-type regulators besides SmeT. In line with this reasoning, previous work showed that phloretin binds TtgR, a TetR regulator homologous to SmeT (44) . Since phloretin induces smeDEF expression, it might be possible that it is extruded by SmeDEF, which would make the D457R mutant overproducing this efflux pump more resistant and a mutant lacking the efflux pump more susceptible to the presence of high concentrations of the flavonoid. To analyze this possibility, the wild-type strain and mutants lacking smeE or presenting constitutive high-level SmeDEF expression were grown in the absence or presence of phloretin (300 g/ml). Consistent with previously published information (40) , SmeDEF overexpression conferred a fitness cost to S. maltophilia in the absence of phloretin (Fig. 5A) . However, in the presence of phloretin, the mutant overexpressing SmeDEF of smeD mRNA in the presence of plant exudates were measured by real-time RT-PCR, and the fold changes estimated with respect to the value determined for the wild-type strain (wt) grown in the absence of exudates are shown. As shown, mRNA levels were increased in the presence of apigenin (Api), genistein (Gen), naringenin (Nar), phloretin (Phl), and quercetin (Que). D457R is a mutant strain in which expression of smeDEF is fully derepressed due to a mutation that inactivates SmeT.
FIG 4
Effects of phloretin on the expression of S. maltophilia operons encoding multidrug efflux pumps. The mRNA levels of the first genes of the operons encoding MDR determinants in the chromosome of S. maltophilia (10), i.e., smeA, smeD, smeV, smeY, smeG, smeM, smeO, and smeI, were analyzed by real-time RT-PCR with the wild-type D457 strain (black) and the D457R strain (white), a mutant strain in which expression of smeDEF is fully derepressed due to a mutation that inactivates SmeT. The expression in the presence of phloretin was measured by real-time RT-PCR with D457 (gray) and D457R (stripes). The fold changes were estimated with respect to the value determined for the wild-type strain grown in the absence of the flavonoid. presented normal growth, whereas the wild-type strain was impaired and the mutant lacking smeE did not grow. These results strongly suggest that phloretin is a SmeDEF substrate. As mentioned earlier, MDR efflux pumps are expressed at their highest levels only when needed. Bacteria can determine this need by sensing their environment and identifying the proper effectors. Since the effectors triggering SmeDEF overexpression are plant exudates, not antibiotics, it is conceivable that one original function of this efflux pump was the interaction with plant roots. To study this possibility, we measured the capability for endophytic colonization of an S. maltophilia mutant lacking smeE in comparison with its wild-type parental counterpart. The D457R mutant, which overexpresses SmeDEF, was also used as a control. As shown in Fig. 6 , the mutant lacking smeE was impaired in colonizing plant roots (P ϭ 0.0000000046), whereas the differences observed between the D457R mutant and the wild-type strain were not significant (P ϭ 0.082). This indicates that SmeDEF is required for achieving a normal colonization level. The fact that the D457R mutant does not present enhanced colonization capabilities can be explained by three different (not mutually exclusive) hypotheses. (i) It has been shown that SmeDEF overexpression compromises in vitro S. maltophilia growth (Fig. 5A) (40) ; the potential benefits on colonization will be compensated by such impairment. (ii) When S. maltophilia grows on plants, the presence of flavonoids induces smeDEF in the wild-type strain, to levels similar to those observed for D457R. (iii) The colonization of the plant requires a given threshold of SmeDEF expression, and increasing the level does not enhance colonization. Altogether, our results support the hypothesis that one original function for which SmeDEF has been selected in S. maltophilia is colonization of plants, not resistance against the action of antibiotics such as quinolones.
Our results indicate that antibiotic resistance genes, which are causing problems at hospitals, have not necessarily always evolved in the field to counteract the production of antibiotics by surrounding competitors (45, 46) . Rather, enzymes or efflux pumps with substrates similar to an antibiotic can render resistance when the antimicrobial is present. However, this should not downplay their role as significant antibiotic resistance elements but solely points out that, on occasion, they evolved for other purposes in nature. It has been stated that the amounts of antibiotics in natural ecosystems are likely very low for a general role as inhibitors (47) (48) (49) (50) (51) . However, the wide use of antibiotics by human beings has changed this situation, and there are different ecosystems, including individuals under medical treatment, where antibiotics constitute a highly relevant selective pressure (48) .
